In this paper, a vision sensing system was developed in order to measure the gesture of the construction machine and the cylinder displacement of each actuator. The system consists of a single CCD video camera and several light sources which were used to acquire the distance information of key points of the construction machine. The three-dimensional coordinates of key points were obtained from a two-dimensional video image by using image processing. The gesture of the construction machine and the cylinder displacement of each hydraulic actuator were calculated via the inverse kinematics method.
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Viscous In order to develop a hydraulic system or analyze system behaviors (see Fig. 1 ), it is important to make an accurate estimate of the system parameters for both the system structure and hydraulic components. In a general In this paper, for the first step of this study, we tried to develop a vision sensing system in order to measure the gesture of the construction machine and the cylinder displacement of each actuator. Fig. 1 shows a diagram of a hydraulic power construction machine, which is treated here. The system consists of four hydraulic actuators, the arm, boom, swing, and fork glove controlled by four servo valves, respectively.
The vision sensing system consists of a single CCD video camera, several light sources to acquire the distance information of key points of the construction machine, and a personal computer for image processing. In this paper, we attempt to propose a by using image processing. In addition, we confirmed the validity of the proposed method through an experiment of parameter estimation for the friction characteristics of a hydraulic cylinder.
VISION SENSING SYSTEM

Measurement method
The c amera c oordinate s ystem a nd the measurement method used here are shown in Fig. 2 . The center of the camera lens was set as the origin of the coordinate system, the optical axis of the lens was set as the z-axis, and the other two axes, which were perpendicular to the optical axis, were set as the x-axis and y-axis, respectively. Usually, at least two cameras are needed to obtain the information of distance for a certain subject from video image. However, in this paper, we attempted to measure the distance with only one CCD camera. Here, the area of the light source in the video image was used to acquire the coordinate at the z-axis direction. As shown in Fig. 2 , by comparing the area of the light source, which was projected in the 2-dimensional video image with the area of the real source, the magnification between the image plane and the real plane could be derived. The 3-dimensional coordinates of the light source in real space could then easily be calculated with the magnification of the two planes and the 2-dimensional coordinates of the light source in the video image.
However, when calculating the distance from the video camera lens to the light source with the area of the light source, which was projected in the 2-dimensional video image, the relationship between the area of the light source and the coordinates at the z-direction should be estimated in advance. The measurement was performed by changing the distance at every 0.25m in the range of 0.25m to 4.5m. The measurement result was plotted in Fig. 3 with a circular marker. T he a bscissa shows the number of pixels of light sources in the image, and the ordinate is the coordinate at the z-axis direction corresponding to the number of pixels. Since the pixel is the fundamental unit of an image, the pixel number increases with the increase of the area of the light source in the video image, so in the following calculation, we directly used the pixel number instead of the projected In o rder to k eep t he m easurement a ccurate, henceforth we performed all of our experiments in the same condition.
The flowchart of the image processing is shown in Fig.  4 . T he problem we needed to solve here was h ow to eliminate the noise on the background of the image. Usually, using a lens filter is effective, but here we tried to get rid of the background noise by adjusting the lens aperture. As the pre-processing of the original video image, the binarization was performed based on the brightness signal, which is defined by the following equation: 3-dimensional coordinates of each light source in r eal space could be obtained. Since the three actuators of the arm, boom, and swing were configured as a serial link manipulator, the cylinder displacements of each hydraulic actuator were calculated via the inverse kinematics method.
Influence of parameters
When the light source moves in a high speed, there was a supposition that an error due to the movement afterimage would appear. Fig. 5(a) shows the influence of velocity on the measurement r esult for the case of z=2.0m. It was noted that the measurement result of the coordinate at the z-axis direction became smaller, while the velocity increased. It is considered that when the light source moves fast, the lighting area obtained by the video image becomes larger than that of the original area because of the movement a fterimage. As a r esult, t he coordinate at the z-axis direction was calculated on a 
where k,,1, kv2 is constant. The result after the correction is shown in Fig. 5(b) . Fig. 6(a) shows the experimental result of the influence of lens aberrations on the coordinate at the z-axis direction for the case of z=2.0m. It was noted that at the periphery of the image, the error of the z coordinate became large. This is the intrinsic characteristic of the optical system. Here, we linearly corrected the errors because of the lens aberrations with the following equation. where kl is constant. The corrected result is shown in Fig.  6(b) .
Experimental result
Before applying the vision sensing system to the construction machine, a preparatory experiment was performed to investigate the accuracy of the measurement. In the experiment, a light source was kept to continue the reciprocating motion between the two points. T he measurement r esults are shown i n Figs. 7  (a)-(c) . The solid lines indicate the target trajectory, and the circular markers show the measured trajectory of the light source at each coordinate plane. According to the measurement result, which is shown in Fig. 7 , the 3-dimensional coordinates at each axis of the light source were measured within an error of 1 percent.
Next, t he gesture a nd the cylinder di splacement of a construction m achine, which i s shown in Fig. 1 , were measured by using the vision sensing system proposed here. T hree li ght sources were set on the construction machine, as shown in Fig. 1 . One was set at the tip of the arm link, another was where the machine body connected to the boom cylinder, and the remaining one was set at the front part of the machine body, so as to derive the three cylinder displacements via the inverse kinematics method.
The measurement results for each cylinder displacement a re s hown i n F igs. 8( a)-(c) w ith d ashed lines. The w hole o perating time i s a bout 100 s econds. First, the arm and boom were moved from 5s to around 65s. In this range of time, the cylinder displacement of the arm and the boom cylinder as measured by the vision sensor agreed well with the cylinder displacement of the arm and the boom cylinder as measured by the displacement sensor. However, at the mean time, a high-frequency component appeared in cylinder displacement of the swing cylinder as measured by the vision sensor, compared to that of measured by the displacement sensor. It is considered that the high-frequency component occurred because of the vibration of the light sources during the operation of the actuators. Although it is not clear in Figs. 8 (a) and (b) , the high-frequency component were also observed, especially at the peak of the waveform. From the time at 65s, the swing cylinder was moved in large amplitude. During this period, a large measurement error for the vision sensor was observed in each of the three cylinders . This was because of the position at which t he second light source was set. Since we cannot set the light source exactly at the joint of the boom cylinder, when the swing cylinder m oves in la rge a mplitude, it would lead to a large error in the calculation result with the inverse kinematics method. Fig. 9. Step 1: the pressures inside the cylinder were measured by the pressure sensor, and the cylinder displacements were measured by both the displacement sensor and the vision sensor.
Step 2: the driving force and the piston velocity were calculated based on the pressure and the cylinder displacement.
Step 3: eliminate the noise in the data.
Step 4: obtain the friction characteristics, i.e., the relationship between the piston velocity and driving force.
Step 5: calculate the viscous damping coefficient and the Coulomb friction based on the least-squares method.
Results and discussion
The comparison of the cylinder displacement measured by both the displacement sensor and the vision sensor is shown in Fig. 10 . Although the high-frequency component still exists in the waveform, the measured results of the vision sensor agree well with that of the displacement sensor. Next, the relationship between the piston velocity and with the measurement result of both the displacement sensor and vision sensor for the fork glove cylinder driving force, i.e., the friction characteristics of the fork glove cylinder, was investigated by comparing the measurement result of the displacement sensor with that of vision sensor, which is shown in Fig.10 . The result is shown in Fig. 11 . The dark triangular markers indicate the estimation r esult due to the vision sensor, and t he circular markers, are the results of the displacement sensor. Using the measurement results in Fig. 11 
